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MULTIPLE OPERATING VOLTAGE VERTICAL 
REPLACEMENT-GATE (VRG) TRANSISTOR 

5 

FIELD OF THE INVENTION 

The present invention is directed to semiconductor devices incorporating 
junctions of varying conductivity types designed to conduct current and methods of 
making such devices. More specifically, the present invention is directed to vertical 
replacement-gate (VRG) field-effect transistor devices operating at different operating 
10 voltages and methods for fabricating integrated circuits incorporating such devices. 



BACKGROUND OF THE INVENTION 

Enhancing semiconductor device performance and increasing device density (the 
number of devices per unit area), continue to be important objectives of the 

15 semiconductor industry. Device density is increased by making individual devices 
smaller and packing devices more compactly. But, as the device dimensions (also 
referred to as the feature size or design rales) decrease, the methods for forming devices 
and their constituent elements must be adapted. For instance, production device sizes are 
currently in the range of 0.25 microns to 0. 18 microns, with an inexorable trend toward 

20 smaller dimensions. However, as the device dimensions shrink, certain manufacturing 
limitations arise, especially with respect to the lithographic processes. In fact, current 
lithographic processes are nearing the point where they are unable to accurately 
manufacture devices at the required minimal sizes demanded by today's device users. 
Currently^most metal-oxide-semiconductor field effect transistors (MOSFETs) 

25 are fomied in a lateral configuration, with the current flowing parallel to the plane of the 
substrate or body surface. As the size of these MOSFET devices decreases to achieve 
increased device density, the fabrication process becomes increasingly difficult. In 
particular, the lithographic process for creating the gate channel is problematic, as the 
wavelength of the radiation used to delineate an image in the lithographic pattern 

30 approaches the device dimensions. Therefore, for lateral MOSFETs, the gate length is 
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approaching the point where it cannot be precisely controlled through the lithographic 
techniques. 

Recent advances in packing density have resulted in several variations of a 
vertical MOSFET. In particular, the vertical device described in Takato, H., et al., 
5 "Impact of Surrounding Gates Transistor (SGT) for Ultra-High-Density LSI's, IEEE 
Transactions on Electron Devices, Volume 38(3), pp. 573-577 (1991), has been 
proposed as an altemative to the planar MOSFET devices. Recently, there has been 
described a MOSFET characterized as a vertical replacement gate transistor. See 
Hergenrother, et al, "The Vertical-Replacement Gate (VRG) MOSFET" A50-mn Vertical 

10 MOSFET with Lithography-Independent Gate Length," Technical Digest of the 
International Electron Devices Meeting, p. 75, 1999. 

A plurality of planar MOSFET active devices fabricated on an integrated circuit 
chip are shown in the Figure 1 cross-sectional view. A substrate 9 comprises a p+ region 
50 and a p- layer 52, the latter typically grown by an epitaxial technique. MOSFETs 

15 (metal-oxide-semiconductor field-effect transistor) 2, 4 and 6 are fabricated in the 
substrate 9. The MOSFET 2 is separated from the MOSFET 4 by a LOCOS (local 
oxidation on siUcon substrate) region 10. Similarly, the MOSFET 6 is separated from the 
MOSFET 4 by a LOCOS region 12. Alternatively, the MOSFETS 2, 4 and 6 may be 
electrically separated by shallow trench isolation (STI) techniques. The MOSFET 2 

20 includes a gate 14 and a source region 16 and a drain region 1 8 diffused in an n-type well 
20. The MOSFET 4 includes a gate 28 and a source region 30 and a drain region 32 
diffiised in a p-type well 34. Finally, the MOSFET 6 includes a gate 38 and a source 
region 40 and a drain region 42 dififiised in an n-type well 44. The gates 14, 28 and 38 
are separated from the substrate 9 by a silicon dioxide layer 46, also referred to as a gate 

25 oxide layer. As Figure 1 is intended to be a simplified representation of a portion of an 
integrated circuit, the various contacts, interconnects, vias and metal layers are not shown 
and the features are not drawn to scale. It is particularly advantageous, especially 
in digital applications, to fabricate a combination of an n-chaimel and a p-chaimel 
MOSFETs on adjacent regions of a chip. This complementary MOSFET (CMOS) 

30 configuration is illustrated in the form of a basic inverter circuit in Figure 2. The drains 
of the MOSFETs (for instance the MOSFETs 2 and 4 in Figure 1) are connected together 



and form the output (Vout). The input terminal (Vin) is formed by the common connection 
of the MOSFET gates (for example the gates 14 and 28 of Figure 1). The operating 
voltage is designated by Vdd- hi the Figure 2 schematic, the MOSFET 2 is the PMOS 
device and the MOSFET 4 is the NMOS device illustrated in the Figure 1 cross-section. 
5 State-of-the-art integrated circuit fabrication combines many different functions 

and subsystems onto a single chip, for example, combining different types of logic 
circuits, logic families and memory elements. For optimal performance and minimal 
power consimiption individual devices on the integrated circuit may operate at different 
voltages. Thus, the active devices must be fabricated with the necessary physical 

10 characteristics to accommodate the selected operating voltage. But in creating these 
physical device characteristics, it is also desirable to minimize and simplify the number 
of fabrication process steps. 

For example, each of the MOSFETs 2, 4 and 6 of Figure 1, may be designed to 
operate at a different operating voltage, i.e., VddA^ss- R is desired to estabUsh the device 

15 operating voltage at the minimum value that provides the desired performance to 
minimize the power consumption of the devices, and overall, the power consumption of 
the chip. It is known, however, that there is a counter-effect; as the device operating 
voltage is reduced the operating speed of the device is also reduced. Therefore, to 
establish the optimimi value for both of these parameters, it is necessary to operate the 

20 individual devices at operating voltages consistent with the desired speed performance. 
To provide multiple operating voltages, a printed circuit board carrying several 
integrated circuits includes multiple voltage regulators to supply the optimimi operating 
voltage to each chip. Further, an individual chip may include on-chip voltage divider and 
regulator circuits so that the devices within the chip are supplied with the optimum 

25 operating voltage. 

Given that there may be multiple operating voltages on a chip, there may also be 
multiple output voltages produced by the active elements and circuits of the chip. Thus 
the input circuit or device responsive to the preceding output voltage must be able to 
accommodate that output voltage. For example, a first on-chip circuit (which may 

30 comprise a single active element or a plurality of active elements, such as a CMOS 
circuit) has an output voltage ranging from zero volts to two volts, representing, 
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respectively, a binary zero and a binary one. The output voltage of another circuit 
element is zero volts for a binary zero and five volts for a binary one. Therefore, the 
MOSFET gate terminal (the input terminal of the MOSFET device) must be designed to 
accommodate the voltage range of the output signal from the previous device in the 
5 circuit chain. Thus, returning to the above example, certain MOSFET gate voltages must 
acconmiodate a voltage range of zero to two volts, while others must accommodate a 
voltage range of zero to five volts. Once the gate driving voltage is known, the MOSFET 
gate must be designed and fabricated to ensure that the gate can withstand that voltage. 
Thus, MOSFETs operating at higher gate voltages will have thicker oxides to prevent 

10 gate oxide breakdown at the higher operating voltages. Since the gate oxide thickness 
effects the threshold voltage, it is also necessary to ensure that the MOSFET will be 
driven into conduction by the gate input voltage. This can be accomplished by adjusting 
the other factors that influence the threshold voltage, such as the doping level of the 
channel region and the work function of the channel and gate materials. 

15 One technique for varying the thickness of oxide growth involves nitrogen 

implantation in the material to be oxidized. See for example the article entitled "High 
Performance 0.2 ^mi CMOS with 25 Angstroms Gate Oxide Grown on Nitrogen 
Implanted Silicon Substrates," by C.T. Liu, et al, lEDM, 1996, pp. 499-502. As is 
known, nitrogen implantation before a thermal oxide growth process results in inhibition 

20 of the oxide growth. Large nitrogen dosages produce thin oxides. This process is not 
appUcable to a MOSFET constructed according to the teachings of the present invention 
because acceptable access cannot be gained to the region where the gate is formed to 
implant the nitrogen. 

BRIEF SUMMARY OF THE INVENTION 
25 To provide further advances in the use of multiple operating voltages for 

semiconductor devices, an architecture is provided for creating vertical replacement gate 

(VRG) MOSFET devices operating at different threshold voltages. 

According to one embodiment of ttie invention, a semiconductor device includes 

a first layer of semiconductor material and first and second spaced-apart doped regions 
30 formed therein. A third doped region of a different conductivity type than the first and 



the second regions is formed over the first region. A fourth doped region is formed over 
the second doped region with a different conductivity type than the second doped region. 
First and second oxide layers of a different thickness are formed proximate to the third 
and fourth doped regions, respectively. 
5 The first spaced-apart region is a source/drain region of a first field-effect 

transistor, and the third doped region is the channel. The source/drain region of a second 
field-effect transistor comprises the second spaced-apart doped region and the fourth 
doped region forms the channel thereof A second source/drain region for each MOSFET 
is formed over each of the channels. 

10 Since, as discussed above, the output voltage of one active device on a chip may 

serve as the input voltage for the next active device in the circuit chain, the latter must 
be enable of handling the input voltage within its perfomiance parameters. Since the 
input terminal for a MOSFET is the gate, the MOSFET gate must be designed to 
withstand the output voltage fi-om the previous device. In CMOS circuitry, the output 

15 voltage is typically the operating voltage or Vdd- Therefore, the gate must be able to 
withstand the operating voltage of the device to which it is responsive. The gate 
parameter of interest to avoid gate breakdown is the gate oxide thickness. Since the 
MOSFET threshold voltage is also a function of the gate oxide thickness, changing the 
thickness to accommodate the input operating voltage (for example, making the gate 

20 oxide thicker) may have a detrimental effect on the threshold voltage. However, if the 
threshold voltage resulting from the required oxide thickness is not acceptable, it can be 
modified by changing one or more of the other factors that effect the threshold voltage, 
for example, the work function difference of the MOSFET materials, or the channel 
doping, which in tum effects the surface potential. 

25 In an associated method of manufacture, an integrated circuit structure is 

fabricated by providing a semiconductor layer suitable for device formation and having 
a surface formed along a first plane. For a first vertical field-effect transistor a first 
device region is formed in the semiconductor layer, wherein the device region is selected 
firom among a source and a drain region. For a second vertical field-effect transistor a 

30 second device region is formed in the semiconductor layer, wherein the second device 
region is selected firom among a source and a drain region. Gate regions for each of the 
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first and the second field-effect transistors are formed above the first and the second 
device regions, respectively. Each gate region has a different thickness if the two devices 
are to operate at different threshold voltages. In fabricating the vertical transistors, the 
gate oxide layer thickness is controlled by the use of masking and etching steps. With 
5 this technique a plurality of field-effect transistor are created wherein each has a 
threshold voltage established to appropriately interface with the output signal fi-om the 
previous circuit element. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention can be more easily understood and the further advantages 
1 0 and uses thereof more readily apparent, when considered in view of the description of the 
preferred embodiments and the following figures in which: 

Figure 1 is a cross-sectional view of a prior art CMOS integrated circuit; 
Figures 2 through 4 are partial schematics of CMOS integrated circuits. 
Figures 5 through 17 illustrate, in cross-section, a circuit structure according to 
15 one embodiment of the invention during sequential fabrication steps. 

Figure 18 is a schematic diagram of CMOS devices constructed according to 
another embodiment of the present invention. 

In accordance with common practice, the various described features are not drawn 
to scale, but are drawn to emphasize specific features relevant to the invention. 
20 Reference characters denote like elements throughout the figures and text. 

DETAILED DESCRIPTION OF THE INVENTION 

The described embodiments include CMOS structures and associated fabrication 
techniques. A process for fabricating CMOS vertical MOSFETs is described in 
commonly-owned Patent AppUcation U.S. Serial No. 290,533, entitled, "A CMOS 
25 Integrated Circuit Having Vertical Transistors and a Process for Fabricating Same," filed 
on January 1 8, 1 999, and incorporated herein by reference. A more general description 
of the structure and fabrication of vertical transistor MOSFETs (of either tiie NMOS or 
PMOS type) is set forth in commonly assigned U.S. Patent No. 6,027,975, also 
incorporated herein by reference. 



Figure 3 is a partial schematic of a CMOS integrated circuit 68 illustrating two 
pairs of CMOS devices. PMOS 70 and NMOS 72 form a first CMOS pair; PMOS 74 
and NMOS 76 form a second CMOS pair. Vinj is the gate driving signal for PMOS 70 
and NMOS 72, which creates an output signal (Vouti) at the common drain connection. 
Vinj is the gate signal for the CMOS pair PMOS 74 and NMOS 76, which produce an 
output signal Voutj- Note further that PMOS 70 is responsive to a drain voltage Vddj, and 
PMOS 74 is responsive to a drain voltage Vddj. The drain voltages Vddj and Vddj may be 
produced oflf-chip or on-chip, although they are illustrated in Figure 3 as originating firom 
an off-chip voltage source. Because in one embodiment Vddj and Vdd2 are not equal, Voutj 
is not equal to Vout2- In a typical circuit configuration, both output signals Vouti and Vout2 
may drive the next active element in a circuit chain. For instance, Voutj can serve as the 
input signal Vjn^ , and Voutj can be supplied to another active element in the integrated 
circuit 68 or sent off-chip. Vinj may be produced by another circuit within the integrated 
circuit 68 or originate firom an off-chip source. In any case, it is clear that the use of 
different operating voltages (as established by the operating voltages Vddi and Vdd2) 
produce different output voltages at the output terminals of the CMOS circuit. As a 
result, the CMOS pair comprising PMOS 70 and NMOS 72 must be fabricated to respond 
to a first range of input signals provided as Vinj. Further, if Vddj is not equal to Vdd^^ the 
CMOS pair comprising PMOS 74 and NMOS 76 must accommodate the range of input 
voltages represented by Vin2. In particular, the gate circuits of PMOS 70, NMOS 72, 

PMOS 74 and NMOS 76, must be fabricated to accommodate the range of input voltages 
Vin^ and Vin2, respectively. 

Figure 4 illustrates another exemplary mtegrated circuit 78 comprising an NMOS 
device 82 and an NMOS device 84. As in Figure 3, the input signals Vg^ and Vgj may not 
be in the same voltage range and thus the NMOS devices 82 and 84 must be fabricated 
to accommodate the applicable input signal range. Note, in this case that the drain 
terminal of both NMOS 82 and NMOS 84 are connected to a single supply voltage, Vddj. 
The fact that each transistor is operated firom the same supply vohage is not 
detemiinative of the gate structure required to accommodate the gate input signals. The 
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drain voltage for each transistor (whether it is the same for each, or different) determines 
only the output voltage from the device. Because the MOSFET operating voltages are 
chosen based on a number of design and operating characteristics, it is likely that several 
operating voltages will be utilized on a state-of-the-art integrated circuit. 

With regard to the fabrication of transistors and integrated circuits, the term 
"major surface" refers to that surface of the semiconductor layer in and about which a 
plurality of transistors are fabricated, e.g., in a planar process. As used herein, the term 
"vertical" means substantially orthogonal with respect to the major surface. Typically, 
the major surface is along a <100> plane of a monocrystalline silicon layer on which the 
field-effect transistor devices are fabricated. The term "vertical transistor" means a 
transistor with individual semiconductor components vertically oriented with respect to 
the major surface so that the current flows vertically from source to drain. By way of 
example, for a vertical MOSFET, the source, channel and drain regions are formed in 
relatively vertical alignment with respect to the major surface. 

Figures 5 through 17 illustrate cross-sectional views of an integrated circuit 
stmcture 10 during various stages of fabrication to configure an exemplary circuit 
ftmction according to the present invention. From the description, it will become 
apparent how a plurality of vertical CMOS transistors may be configured alone or in 
combination with other devices, e.g., bipolar junction transistors, capacitors or resistors, 
to form an integrated circuit. The completed circuit structure of Figures 13 and 14 
illustrates the different gate oxide thicknesses in accordance with the teachings of the 
present invention. 

Referring to Figure 5, there is shown a monocrystalline semiconductor layer 100 
having an exposed major surface 106 formed along a crystal plane over an upper portion 
of the layer 100. An isolation trench 108, formed in the surface 106 by conventional 
techniques, is filled with deposited sihcon dioxide 110. One purpose of the trench is to 
effect electrical isolation between two regions over which an exemplary pair of 
complementary field-effect transistors is to be formed. In this example, an n-tub region 
1 12 and a p-tub region 1 14 are conventionally formed m electrical isolation along the 
surface 106 each on a different side of the trench 108. For example, the n-tub region 1 12 
may be formed with a boron implant (300 to 500 keV, 1x10^ Vcm^) and the p-region 1 14 



may receive a phosphorous implant (300 to 500 keV, IxlO^Vcm^). Following formation 
of the tub regions 1 12 and 114, a p-type source/drain region 1 16 is formed in the tub 
region 1 12 and an n-type source/drain region 118 is formed in the tub region 114. Both 
source/drain regions are formed along the surface 106 and may be formed by ion 
5 implantation, e.g., the p-type source/drain region 1 16 is formed by a 50 to 100 keV boron 
implant of SxlO'Vcm^ to lOxlO^Vcm^ over the tub region 112, and the n-type 
source/drain region 1 18 is foraied by a 50 to 100 keV phosphorous implant of 3xl0^%m^ 
to lOxlO'Vcm^ over the tub region 114. 

With reference to Figure 6, multiple layers are formed over the semiconductor 

10 layer 100, beginning with a conductive layer 120 positioned adjacent or over the 
source/drain regions 1 16 and 118 and further extending over the isolation trench 108. To 
reduce the sheet resistance of the conductive layer 120, it should comprise metal and, in 
a preferred embodiment, is a metal silicide, such as tungsten silicide (WSi), formed by 
chemical vapor deposition. Altemative materials include cobalt silicide, as well as 

15 titanium nitride and tungsten nitride. Other low sheet resistance materials, especially 
those having a sheet resistance of less than 50 ohm/square, may be used to form the 
conductive layer 120. As further shown in Figure 6, several layers of dielectric material 
are formed over the conductive layer 120, beginning with a thin insulative layer 122. 
Preferably, the layer 122 is fomied of silicon nitride and has a thickness ranging between 

20 about 5 nm and about 50 nm to function as a diffusion barrier for n-type and p-type 
dopants diffusing by solid state diffusion as will be discussed below, and also as an etch 
stop layer. Over the layer 122 there is deposited a relatively thick insulative layer 124 
followed by deposition of another thin insulative layer 126. The layer 126 also serves as 
a difiusion barrier and etch stop. Silicon nitride is contemplated as a suitable material for 

25 the insulative layer 126. 

A layer 130 comprising sihcon dioxide is deposited over the layer 126. The layer 
130 is a sacrificial layer, which is later removed according to the replacement gate 
process as taught in the above-referenced patent number 6,027,975. The thickness of the 
layer 130 defines the length of the subsequently formed MOSFET gates. The silicon 

30 dioxide of the layer 130 may be formed by a conventional deposit fi-om a tetraethy- 
orthosilicate (TEOS) precursor. 



Insulative layers 134 , 136 and 138 are next deposited over the silicon dioxide 
layer 130. The layer 134, preferably silicon nitride, is similar in thickness and function 
to the layer 126. The two layers 126 and 134 on either side of the layer 130 will later 
provide offset spacer and etch stop fiinctions. They each have a thickness ranging 
between about 5 nm and about 50 nm and generally comprise material that resists etching 
during removal of the layer 130. In particular the thickness of these etch stop layers is 
largely dependant upon the resistance of the etch stop material to the selected etchant, 
relative to the depth of the material in an overlying or underlying layer to be removed 
during the etching process. That is, to be an effective e.tch stop, the etchant cannot 
penetrate the etch stop layer during the time the etchant is etching the layer or layers to 
be removed. Both the layers 126 and 134 also function as dopant diffusion barriers for 
the n-type and p-type dopants that, as will be discussed below, are diffused by solid phase 
diffiision from the layers 124 and 136, thereby defining the spacing and length of 
subsequently formed source/drain extensions relative to the gate of each transistor. 

During subsequent processing steps described below, the insulative layers 124 and 
136 serve to dope channel regions to form source/drain extensions of each transistor 
through a solid phase diffusion process, creating low-resistance extension regions 
adjacent the gate oxide. Examples of silicon oxide doping sources are PSG (phospho- 
silicate glass, i.e. a phosphorous doped silicon oxide) and BSG (boro-silicate glass, i.e., 
a boron-doped silicon oxide), which can be deposited, for example, by plasma-enhanced 
chemical vapor deposition (PECVD). Suitable thicknesses for the layers 124 and 136 are 
in the range of about 25 nm to about 250 nm. To this end, both the layers 124 and 1 36 
contain a high concentration (on the order of IxlO^Vcm^) of dopant. To create both n 
and p-type transistors in this CMOS device, the layers 124 and 136 must be bifurcated 
to provide the appropriate dopant-type for the corresponding transistor. One means for 
achieving this is to deposit a uniform fihn of one dopant type; then with conventional 
lithography, mask and etch to remove portions of the deposited layer. Next, a layer of 
the opposite dopant type is selectively deposited in the region that was removed. In 
another embodiment, an undoped layer is deposited. One region of the layer is masked 
and a first dopant type implanted in the unmasked region. Then the implanted region is 
masked and a second dopant type implanted in the unmasked region. As they are 



foraied, both the layers 124 and 136 are planarized using a chemical/mechanical process 
(CMP), 

A layer 138 is formed over the layer 136 and is comparable to the layers 126 and 
134 in material composition and thickness. The layer 138 functions as a CMP stop layer 
5 in subsequent processing and thus has a thickness consistent with this function, e.g., at 
least about 25 nm. The layer 138 also serves as a diffusion barrier for both n- and p-type 
dopants during the solid phase difiusion process.. 

All of the layers 122, 124, 126, 130, 134, 136 and 138 may be deposited using 
conventional chemical vapor deposition (CVD) processes or other well known deposition 
10 techniques. With regard to the aforedescribed sequence of layers, it should be noted that 
other embodiments may include significant variations, for example, fewer deposited 
layers. In any case, the resulting structure will form a vertical channel region for each of 
the field-effect transistors in the CMOS device. 

Figure 7 illustrates a first trench or window 142 formed over the n-type tub region 
15 112 and a second trench or window 144 formed over the p-type tub region 1 14. The 
trenches 142 and 144 are formed by conventional patterning with photoresist followed 
by anisotropic etch, which removes only vertical portions of the multiple layers, stopping 
at the source/drain regions 1 16 and 1 18. The etch chemistry and other details resulting 
in the formation of the trenches 142 and 144 are well known and are not further described 
20 herein 

As shown in Figure 8, recesses 146 are created within the trenches 142 and 144 
by a selective isotropic etch process that removes portions of the conductive layer 120 
exposed during creation of the trenches 142 and 144, Selection of the appropriate etch 
chemistry is dependant upon composition of the conductive layer 120. For example, a 
25 suitable chemistry for a selective silicide wet etch is a mixture of sulfuric acid and 
hydrogen peroxide. 

Following formation of the recesses 146, a thin conformal layer 148 of silicon 
dioxide is deposited along the walls and bottom of the trenches 142 and 144 as well as 
over the exposed surface of the layer 138. The silicon dioxide layer 148 also deposits 
30 within the recesses 146 as illustrated in Figure 9. 



An anisotropic etch of the silicon dioxide layer 148 removes the oxide from the 
bottom and much of the wall portions of the trenches 142 and 144 while allowing silicon 
dioxide dielectric regions 150 to remain in the recesses 146. See Figure 10. Although 
the dielectric regions 150 comprise silicon dioxide in this embodiment, other insulative 
5 materials (doped or undoped) may be used instead. 

With portions of the source/drain regions 1 16 and 118 exposed (See Figure 1 1) 
by the etching process that created the trenches 142 and 144, monocrystalline silicon is 
now epitaxially grown from these regions at the bottom of the trenches 142 and 144 to 
form device-quality crystalline silicon layers 151 and 152 in the trenches 142 and 144, 

10 respectively. The crystalline siUcon layer 151 is suitable for creating source/drain 
extension regions 153 above and below a channel region 160. .The crystalline layer 152 
is suitable for creating source/drain extension regions 154 above and below a channel 
region 162. The upper source/drain extensions 153 and 154 are formed by solid phase 
difiusion from the insulating layer 124 and the lower source/drain extensions 153 and 154 

15 are formed by solid phase diffusion from the insulating layer 136, respectively. The 
channel region 160 may be undoped or lightly doped with an n-type material. The 
channel region 1 62 may be undoped or lightly doped with a p-type material. Preferably, 
the semiconductor material forming the channel regions 160 and 162 comprises silicon- 
germanium and silicon-germanium-carbon. If the channel regions 160 and 162 are 

20 formed in an undoped state, they may be later doped. Further, the crystalline material of 
the crystalline layers 151 and 152 maybe deposited as an amorphous or polycrystalUne 
layer and subsequently re-crystallized, e.g., by a conventional furnace anneal or laser 
anneal. Any portions of the crystalline layers 151 and 152 extending above the layer 138 
are removed, for example, by CMP, which planarizes the crystalline layers 151 and 152 

25 with the layer 138. 

With reference to Figure 12, polycrystalline pad regions 164 and 166 are then 
formed by standard deposition, implant, lithography and etch techniques. The pad 
regions 164 and 166 are suitably doped to provide source/drain regions with respect to 
the conductivity of each respective associated chaimel region 160 and 162. The pad 

30 regions 164 and 166 are each covered by a dielectric layer 192 or 202, respectively. 
Silicon nitride is deemed a suitable materials for the layers 192 and 202. After the layers 
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192 and 202 are deposited, the sacrificial silicon dioxide layer 130 is removed (e.g., with 
a selective HF etch). See Figure 13. 

At this point in the process, the gate oxide dielectric regions are thermally grown. 
Figures 14 through 16 illustrate the process with reference to four MOSFETS 21 OA and 
5 212A, which form a first CMOS pair, and 210B and 212B, which fomi a second CMOS 
pair. In this way, the teachings of the present invention are illustrated by application to 
two CMOS MOSFET pairs, where each pair operates at a different gate voltage, i.e., 
where the gate voltage is determined by the operating voltage of the previous stage in the 
circuit. At this stage in the fabrication process, the structure of the MOSFETs 21 OA, 
10 212A, 210B and 212B of Figure 14 is representative of the MOSFETs 180 and 190 of 
Figure 13. 

According to a preferred embodiment, vertical replacement gate CMOS 
transistors with different operating voltages are formed according to the following steps. 
As shown in Figure 14, first, equal-thickness initial gate oxide layers 220 A, 222 A, 220B 

15 and 222B are grown in the channel regions 160A, 162 A, 160B and 162B, respectively, 
of each vertical replacement gate transistor 210A, 212A, 210B and 212B, Assimiing the 
MOSFETs 21 OA and 212A are intended to operate at higher operating voltages (and 
therefore require a thicker gate oxide layer), they are masked according to knowf^ 
lithography techniques. The initial oxide layers 220B and 222B are then removed from 

20 the non-masked MOSFETs, 210B and 212B. See Figure 15. The mask is removed and 
a second gate oxide deposition is performed. During this second gate oxidation the 
masked gate oxide regions 220A and 222A will grow thicker, although at a slower rate 
than the growth of a new oxide layers 220B and 222B on the non-masked MOSFETs 
210B and 212B. See Figure 16. Thus at the conclusion of the second gate oxide 

25 deposition process, two different gate oxide thicknesses have been formed. Relatively 
thick gate oxides 220A and 222A have been foraied for the MOSFETs 210A and 212A, 
and relatively thin gate oxides 220B and 222B have been formed for the MOSFETs 210B 
and 212B. This process can be repeated any number of times to create any number of 
gate oxide thicknesses and can be applied to any number of MOSFETs on the integrated 

30 circuit. 
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Representative minimal gate oxide thickness values and the approximate 
operating voltage they will support are shown below. 

Gate oxide thickness (Angstroms) Operating voltage (Vdd in volts) 

20 1.5 
5 36 2.5 

50 3.0 
110 5.0 
Preferably, at this stage of the process dopants are driven into the crystalline 
layers 151 and 152 by soUd phase diffusion from the insulative layers 126 and 134 to 
10 form the source/drain extensions 153 and 154. The advantage of using solid phase 
diffusion is that the source and drain extensions (and consequently the channel of the 
device) are aligned with what will become the gate of the final device. The concentration 
of the dopant in that portion of the crystalhne layer 151 that is doped from the insulative 
layers 124 and 136 is typically about IxlO^^m^ with dopant concentrations of about 
15 5xlO^%m^ contemplated as advantageous. With this soHd phase diffusion technique, 
very shallow source and drain extensions are obtainable. The source/drain extensions 
153 and 154 are shown as penetrating into the crystalline layers 151 and 153, preferably 
less than one-half the width of the crystalline layers 151 and 153. Limiting the dopant 
penetrations in this manner avoids significant overlap in the doped regions from opposite 
20 sides of the crystalline layers 151 and 153. Also, the distance that the source/drain 
extensions 153 and 154 extend under the device gate (to be formed in subsequent 
processing steps explained below) is preferably limited to less than one-fourth of the gate 
length, thereby limiting the overlap capacitance. As is known to those skilled in the art, 
the dopants in the source/drain extensions 153 and 154 are of the opposite conductivity 
25 type from the dopants in the channels 160 and 162. 

As shown in Figure 17, next the polysilicon gate regions 230 and 234 are 
dq)osited. The gate 230 pertains to the MOSFETs 210A and 212A for controlling 
conduction through the chaimels 160A and 162 A. The gate 240 pertains to the 
MOSFETs 210B and 212B for controlling conduction through the channels 160B and 
30 162B. The gate regions 230 and 234 are formed over, but separated from, the conductive 
layer 120 by the interposing insulative layers 122, 124 and 126. Portions of the silicon 
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nitride layers 134 and 138 and the silicon dioxide layer 136 are positioned over the gate 
regions 230 and 234. 

As described above, the layers 192 A and 192B overhe portions of the 
source/drain regions 164 A and 164B. The layers 202 A and 202B overlie portions of the 
5 source/drain region 166A and 166B. Dielectric spacers 236 adjacent opposing sides of 
each plug 164A, 164B, 166 A and 166B are formed by conventional deposition, mask and 
etch steps, and are preferably of composed of silicon nitride. Gate input contacts 240 and 
244 are connected, respectively, to the gates 230 and 234 to alternately bring one 
MOSFET in a CMOS pair into a conduction state. 

1 0 The conductive layer 120 is preferably a continuous fihn, electrically connecting 

the source/drain region 1 16 of the MOSFET 21 OA with the source/drain region 1 18 of 
the MOSFET 212A. The insulative regions 150 isolate the conductive layer 120 from 
direct contact witfi each of the source/drain extensions 153 A and 154A. If the insulative 
regions 150 were not present, the interface between the conductive layer 120 and the 

15 crystalline silicon could develop dislocations effecting electrical performance. In 
addition to eliminating area intensive contact windows to affect connection between the 
source/drain regions 116 and 118, the conductive layer 120 provides a low sheet 
resistance connection between the source/drain regions 116 and the source/drain regions 
118. 

20 The source/drain regions 164A, 168 A, 164B and 166B may each serve as a source 

region connected to different voltage rails, e.g., Vdd and Vss , via respective contacts 
250A, 252A, 250B and 252B. See Figure 17. The source/drain regions 1 16 and 1 18 may 
each serve as dram regions. The MOSFET 210A and the MOSFET 2I2A operate as a 
first inverter with the input signal appUed to the gate input contact 240 and the output 

25 signal at the source/drain regions 1 16 and 1 18 of the MOSFET 21 OA and the MOSFET 
212A, respectively. The MOSFET 210B and the MOSFET 212B operate as a second 
inverter with the input signal applied to the gate input contact 242 and the output signal 
at the source/drain regions 116 and 1 18 of the MOSFET 210B and the MOSFET 212B, 
respectively. With reference to the circuits of Figure 3, the PMOS 70 and the NMOS 72 

30 are implemented by the MOSFETs 210A and 212A. The PMOS 74 and the NMOS 76 
are implemented by the MOSFETs 21 OB and 212B. A conventionally formed shallow 



trench isolation structure 270 isolates the first inverter from the second inverter in the 
Figure 17 embodiment. 

In another embodiment of the present invention, two MOSFETs 300 and 302 (See 
Figure 18) are formed as described above with different oxide thicknesses, but their 
5 respective source and drain terminals electrically connected to form two parallel 
independently-controlled MOSFETs. The gates are electrically isolated using 
conventional trench or local oxidation of silicon (LOCOS) techniques. The MOSFETs 
have a different gate oxide thickness, and thus each has a different threshold voltage. 
Returning to the Figure 3 schematic, note that each MOSFET pair (PMOS 

10 70/NMOS 72 and PMOS 74/NMOS 76) is responsive to a different supply voltage 
(VddA/^ss). If Vinj is set eqxial to Vin2, by connecting the MOSFET gate terminals, and , 
Voutj is set equal to Vout2 connecting the two output terminals, the resulting device 
represents a tertiary logic device, having one logic level if the first MOSFET pair (PMOS 
70/NMOS72) is in conduction, a second logic level if the second MOSFET pair (PMOS 

15 74/NMOS 76) is in conduction and a third logic level if both MOSFET pairs are off. 

Although the present invention has been described in conjunction with the 
formation of MOSFET devices configured to form simple CMOS integrated circuits, 
those skilled in the art will recognize that the teachings of the present invention can be 
applied to the formation of multiple VRG MOSFET devices on an integrated circuit. By 

20 controlling the gate oxide thickness of each VRG MOSFET through deposition, masking 
and further deposition steps, an integrated circuit is created, wherein each MOSFET 
operates at a different selected operating voltage. An architecture has been described 
that is usefiil for providing multiple operating voltage replacement gates CMOS 
transistors in a circuit structure. While specific appUcations of the invention have been 

25 illustrated, the principals disclosed herein provide a basis for practicing the invention in 
a variety of ways and a variety of circuit structures, including structures formed with 
Group ni-IV compounds and other semiconductor materials. Although the exemplary 
embodiments pertain to voltage replacement gate CMOS MOSFETs, numerous variations 
are contemplated. These include structures utilizing a conductor layer, such as the 

30 conductor layer 120, to connect other types of semiconductor devices (such as vertical 
bipolar transistor devices, diodes and, more generally, difiusion regions) with other 
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devices or regions in a semiconductor layer. Still other constructions not expressly 
identified herein do not depart firom the scope of the invention, which is limited only by 
the claims that follow. 



